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Modified single prolonged stress reduces cocaine self-
administration during acquisition regardless of rearing 
environment
Rebecca S. Hofford1,*, Mark A. Prendergast1, and Michael T. Bardo1
1Department of Psychology, University of Kentucky, Lexington KY, 40536, USA
Abstract
Until recently, there were few rodent models available to study the interaction of post-traumatic 
stress disorder (PTSD) and drug taking. Like PTSD, single prolonged stress (SPS) produces 
hypothalamic-pituitary-adrenal (HPA) axis dysfunction and alters psychostimulant self-
administration. Other stressors, such as isolation stress, also alter psychostimulant self-
administration. However, it is currently unknown if isolation housing combined with SPS can alter 
the acquisition or maintenance of cocaine self-administration. The current study applied modified 
SPS (modSPS; two hours restraint immediately followed by cold swim stress) to rats raised in an 
isolation condition (Iso), enrichment condition (Enr), or standard condition (Std) to measure 
changes in cocaine self-administration and HPA markers. Regardless of rearing condition, rats 
exposed to modSPS had greater corticosterone (CORT) release and reduced cocaine self-
administration during initial acquisition compared to non-stressed controls. In addition, during 
initial acquisition, rats that received both Iso rearing and modSPS showed a more rapid increase in 
cocaine self-administration across sessions compared to Enr and Std rats exposed to modSPS. 
Following initial acquisition, a dose response analysis showed that Iso rats were overall most 
sensitive to changes in cocaine unit dose; however, modSPS had no effect on the cocaine dose 
response curve. Further, there was no effect of either modSPS or differential rearing on expression 
of glucocorticoid receptor (GR) in hypothalamus, medial prefrontal cortex, amygdala, or nucleus 
accumbens. By using modSPS in combination with Iso housing, this study identified unique 
contributions of each stressor to acquisition of cocaine self-administration.
Keywords
cocaine self-administration; single prolonged stress; isolation; environmental enrichment; PTSD
*Corresponding author: Rebecca S. Hofford, 741 S. Limestone, 448C BBSRB, University of Kentucky, Lexington KY, 40536, 
rebecca.hofford@uky.edu. 
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
HHS Public Access
Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2019 February 15.
Published in final edited form as:
Behav Brain Res. 2018 February 15; 338: 143–152. doi:10.1016/j.bbr.2017.10.023.
A
uthor M
anuscript
A
uthor M
anuscript
A
uthor M
anuscript
A
uthor M
anuscript
1. Introduction
Anxiety and mood disorders, induced by or precipitated by stress, are often co-morbid with 
addiction [1]. In fact, studies suggest that lifetime prevalence of addiction is double in 
people suffering from mood or anxiety disorders compared to the general population [1]. 
Specifically, post-traumatic stress disorder (PTSD), a disorder typically caused by exposure 
to a traumatic event and characterized by flashbacks of the event, generalized anxiety, fear 
extinction retention deficits, and anhedonia [2, 3], is 3–10% more common in substance 
abusers than in the general public [4]. In addition, one estimate suggests that PTSD is twice 
as common in individuals with a cocaine use disorder specifically [5].
The high rate of co-morbidity between PTSD and cocaine use disorder is not surprising 
since stress and addiction engage many of the same underlying brain systems, including the 
hypothalamic-pituitary-adrenal (HPA) axis [6]. Normal activation of this system, comprised 
of a series of structures in the central nervous system and periphery, results in release of 
glucocorticoids from the adrenal glands (primarily cortisol in humans and corticosterone 
(CORT) in rodents [7]). Glucocorticoids are released during stress and are thus considered 
“stress hormones”. These steroid hormones can cross the blood-brain-barrier and act as 
negative regulators of their own release by binding glucocorticoid receptors (GRs [8]). 
Long-lasting perturbations in HPA axis function can have negative health consequences, 
including impaired immune function [9] and altered glucose metabolism [10].
Patients with PTSD and cocaine use disorder display abnormal HPA axis function, albeit in 
different ways. PTSD produces lower circulating CORT levels [11] and enhanced negative 
feedback due to greater GR expression [12, 13]. Conversely, acute and repeated 
psychostimulant use causes enhanced release of cortisol in humans [14] and CORT in rats 
[15]. CORT is reinforcing by itself [16, 17], but also has been shown to alter 
psychostimulant self-administration. Release of CORT is linked to cocaine self-
administration, as adrenalectomy drastically attenuates self-administration and flattens the 
dose-response curve [18, 19]. GRs partially mediate CORT’s effects on self-administration; 
GR antagonists [20–22] and GR knockout in dopamine D1 immunoreactive cells also 
decrease self-administration of psychostimulants [23].
Another reason PTSD and addiction often co-occur is that stress directly contributes to many 
stages of the addiction cycle, including escalation from casual use to problematic use and 
relapse [24]. Rodent models demonstrate that exposure to stress can increase overall levels 
of cocaine self-administration [25], escalation of intake [26], and drug-seeking [27]. 
However, not all stressors produce the same behavioral and biological effects. Important 
factors affecting outcome include number of lifetime stressors [28, 29], age of the individual 
at first stress exposure [30], and the specific stress protocol employed [31].
Early life stress, which occurs during childhood or adolescence, can predispose individuals 
to develop PTSD [32] and substance use disorder [33]. Likewise, preclinical experiments 
produce similar findings [34]. One common model of early life stress involves rearing rats 
during adolescence in social isolation (isolation condition, Iso). Decades of research have 
demonstrated that rats reared in Iso during adolescence display profound behavioral 
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differences from rats raised in standard conditions (Std) or enriched conditions (Enr). Most 
studies indicate that Iso rats are more prone to addictive- and depressive-like behavior, while 
Enr rats are protected from these same outcomes [35–37]. In addition, several studies have 
suggested that levels of HPA markers such as CORT [21, 38–40] and GR in hippocampus 
[41–43] differ between rats raised in Iso and Enr, although the data are inconsistent.
In rodents, drug-taking or seeking after stress depends on the stress protocol employed [44, 
45]. While the effects of restraint stress and unpredictable foot-shock on drug taking and 
seeking have been well studied, relatively few studies have employed a stress paradigm 
relevant to PTSD. One PTSD-like model utilizes a single prolonged stress (SPS), consisting 
of one episode of a series of 3 stressors: 2 hr restraint stress, followed by 15 min swim 
stress, and finished with ether gas exposure until loss of consciousness [46]. This model 
possesses validity since animals exposed to SPS demonstrate fear extinction retention 
deficits and enhanced negative feedback of the HPA axis, both common in patients with 
PTSD [47, 48]. While initial studies employing the whole SPS model did not observe 
differences in cocaine self-administration after SPS exposure [49], a modified SPS protocol 
that substituted isoflurane for ether found stress-induced decreases in cocaine escalation 
[50]. However, no previous studies have determined if SPS-induced alterations in cocaine 
self-administration can be moderated by isolation rearing.
Given the literature on early life stress and the behavioral differences between Iso and Enr 
rats, it is likely that adolescent exposure to these environments could differentially affect 
cocaine self-administration and HPA response to SPS in adulthood. The current experiments 
administered 2 stressors: isolation rearing starting in adolescence followed by a modified 
SPS (modSPS) session in young adulthood. The modSPS session was used in lieu of SPS to 
avoid ceiling effects on stress responses; differences between rearing environments are most 
often observed at lower doses of drug in pharmacological studies [20, 37]. This modified 
protocol has demonstrated similar changes in the HPA axis, but does not reproduce fear 
extinction retention deficits [48]. To date, no experiments have examined cocaine self-
administration after exposure to this modified procedure. Analysis of acquisition, 
maintenance, and the dose-response curve of cocaine self-administration were conducted 
and changes in CORT and GR expression were quantified. It was hypothesized that Iso rats 
would be most sensitive to the effects of modSPS; they were expected to acquire cocaine 
self-administration faster than other groups and were expected to show greater CORT 
release and a greater increase in GR expression in brain following modSPS. In testing this 
hypothesis, we chose to use a relatively high unit dose of cocaine (0.56 mg/kg/infusion) in 
order to minimize baseline (non-stressed) differences in Enr and Iso rats in rates of cocaine 
self-administration [37]. Thus, we expected to observe differences in cocaine intake among 
Enr, Std, and Iso rats, but only when exposed to modSPS.
2. Material and Methods
2.1 Animals and Housing
Male Sprague-Dawley rats purchased from envigo-Harlan (Indianapolis, IN) arrived in the 
colony PND 21–22 and were immediately assigned to either an Enr, a Std or an Iso 
environment where they remained for the entire experiment. Enr rats were housed 5–12 per 
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cage in large, stainless steel cages (122 × 61 × 45.5 cm) with ample bedding. Fourteen 
objects were placed throughout the cage and were rearranged daily and replaced every other 
day. Std rats were pair housed in standard IVC cages (33 × 38 × 20 cm) with bedding but no 
objects and Iso rats were housed singly in small stainless steel cages (17 × 24 × 20 cm) with 
wire mesh bottoms and no objects. All rats were kept in a humidity and temperature-
controlled room on a 12-hr light dark cycle (lights on at 7:00 AM). Food and water were 
available continuously in the home cage environment. All procedures were approved by the 
University of Kentucky Animal Care and Use Committee and conformed to NIH standards.
2.2 Surgical Procedures
Between PND 55 and 60, all rats received jugular catheter implantation surgery. Briefly, rats 
were anesthetized with a ketamine (Butler Schein, Dublin OH)/xylazine (Akorn, Inc., 
Decatur IL)/acepromazine (Boehringer Ingelheim, St. Joseph MO) cocktail (75/7.5/0.75 
mg/kg; 0.15ml/100g body weight; i.p.). A jugular catheter was implanted into the right 
jugular vein, threaded under the skin, and exited the body through an incision on the scalp. 
The catheter port was attached to the skull using four jeweler’s screws and dental acrylic. 
Rats were allowed to recover for one week before experimental procedures began. During 
this time, rats received a 5.5 mg/kg carprofen injection (s.c.) on the day following surgery 
and daily catheter infusions of 0.2 ml gentamicin in sterile saline (10.15 mg/ml, Abraxis 
BioScience, Los Angeles CA) followed by 0.2 ml of post-flush solution [containing 1% 
gentamicin (10.15 mg/ml) and 3% heparin (1000 USP units/ml, Abraxis BioScience, Los 
Angeles CA) in sterile saline] from recovery days 2–7.
2.3 Modified Single Prolonged Stress (modSPS)
At 7–8 days after surgery, one half of the rats from each rearing condition underwent a 
modSPS protocol [48]. Stressed (modSPS) rats were restrained in plastic restrainers for 2 hr, 
followed immediately by placement in 24–26° C water for a maximum of 15 min under 
constant surveillance. After this, rats were removed from the water, lightly dried, and placed 
in individual empty cages on heating pads for 1 hr before being returned to their respective 
housing environments. The other half of the rats from each rearing condition remained in the 
same testing room but were not subjected to stress, thus serving as non-stressed controls 
(control). ModSPS and control rats were housed together in the Enr cage and some of the 
Std cages. Other Std cages contained 2 modSPS rats or 2 control rats.
2.4 Cocaine self-administration
2.4.1 Apparatus—All self-administration sessions were conducted in standard 2-lever 
operant conditioning chambers (28 × 24 × 21 cm; ENV-008CT; MED Associates, St. Albans 
VT) equipped with syringe pumps for drug delivery (PHM-100; MED Associates). Located 
above each retractable lever was a white cue light.
2.4.2 Acquisition—Seven days following modSPS, rats in the cocaine self-administration 
study (n=31 total; n = 4–6 rats/group) were trained to self-administer 0.56 mg/kg/infusion 
cocaine on a FR1 schedule using an autoshaping procedure. A 7 day incubation after SPS or 
modSPS is sufficient to produce changes in HPA axis activity reminiscent of PTSD, while 
shorter time points are not [51]. The autoshaping procedure lasted for 7 days. During 
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autoshaping sessions, the active lever was inserted into the chamber on a VI90 sec schedule 
with a 15 sec limited hold. Once presented, the active lever remained extended for 15 sec, 
after which the lever was retracted and 0.56 mg/kg infusion cocaine was immediately 
delivered. However, if a lever press was made within 15 sec of the lever presentation, the 
lever would retract and a 0.56 mg/kg infusion of cocaine would be immediately delivered. 
Rats received a total of 10 infusions of cocaine during each autoshaping session within a 15-
min window. Autoshaping sessions lasted for a total of 1 hr. Additionally, the inactive lever 
was present during the entire autoshaping session, where any lever press made had no 
consequence. After the end of autoshaping, all rats were returned to their respective housing 
conditions for 1 hr and then were returned to the operant boxes where they were allowed to 
self-administer 0.56 mg/kg/infusion cocaine (5.9 sec infusion duration) on a FR1 (20-sec 
signaled time out) for 1 hr. The signal consisted of illumination of the cue light above the 
active lever (counterbalanced) for 20 sec. Responses on the inactive lever produced no 
programmed consequence. At the end of each self-administration session, rats received 0.2 
ml of post-flush solution.
2.4.3 Maintenance—After 7 days, rats continued their daily 60-min sessions without 
autoshaping until the mean number of active lever presses within each group was stable (< 
20% variability over 3 consecutive days).
2.4.4 Dose-Response Curve Assessment and Verification of Catheter Patency
—Upon reaching stability on the training dose, the unit dose of cocaine was decreased to 
0.32 mg/kg/infusion for 3 days, followed by 0.18 mg/kg/infusion for 3 days. One day 
following the last self-administration session, rats were given a 15 mg/kg morphine bolus 
i.v.; lack of catatonia within 3 secs of infusion was considered lack of catheter patency. Data 
from rats that lost headmounts or had leaking headmounts were thrown out of the entire 
experiment. In total, 5 rats were excluded due to headmount compromise; all remaining rats 
passed patency check.
2.5 Tissue Collection
In a separate group of rats (n=41 total; n = 5–9 rats/group), blood was drawn from the 
jugular catheter of modSPS and control rats 7 days following catheter surgery. These rats did 
not undergo self-administration procedures but received jugular catheter surgery and 
recovery as described above. In modSPS rats, approximately 0.2 ml of blood was drawn 1 hr 
before stress (baseline, time 1), immediately following stress (time 2), and 1 hr following the 
end of stress (time 3); equivalent time points were used for control rats. It should be noted 
that blood samples were not successfully drawn for every rat at every time point due to 
catheter patency difficulties. However, all rats successfully had blood drawn at least once. 
Seven days following modSPS, rats were rapidly decapitated and hypothalamus (Hypo), 
medial prefrontal cortex (mPFC), amygdala (Amyg) and nucleus accumbens (NAc) were 
removed and immediately frozen on dry ice. A 7 day incubation after SPS or modSPS is 
sufficient to produce changes in HPA axis activity reminiscent of PTSD, while shorter time 
points are not [51]. Data is not included for one Amyg, one mPFC and one NAc due to 
failure in brain dissection and collection.
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2.6 CORT levels
Plasma was collected after blood centrifugation at 3,000 g for 15 min. Plasma was diluted 
1:500 for corticosterone ELISA (Cayman Chemical #501320, Ann Arbor MI) following 
assay instructions. Samples were run in duplicate and absorbance was read at 405 nm after 1 
hr incubation with provided Ellman’s solution. Since group means did not significantly 
differ between modSPS and control rats at time 1, modSPS and control CORT levels within 
each environment were combined. Percent CORT at times 1, 2, and 3 were calculated using 
the equation: (mean group CORT time 1, 2, or 3/mean group CORT time 1) × 100.
2.7 Western blot for GR
Lysis buffer (1:100 Halt protease/phosphate inhibitor-ThermoFisher Scientific, Pittsburgh 
PA and 1:1000 PMSF/EtOH in RIPA buffer-ThermoFisher Scientific, Pittsburgh PA) was 
added in a volume of 300 μl to each sample and homogenized with a Teflon pestle. Samples 
were centrifuged at 23,000g for 20 min and supernatant was collected. Levels of total 
protein were assessed using a BCA protein assay kit per assay instructions (ThermoFisher 
Scientific, Pittsburgh PA). β-mercaptoethanol was added to 30 μg protein from samples and 
boiled for 15 min at 65°C. Ten μl of each prepared sample was loaded on a 4–12% Mini-
PROTEAN SDS-polyacrylamide gel (Bio-Rad, Hercules CA) concurrent with a protein 
standard (Bio-Rad, Hercules CA). Because there were 6 groups of rats with unequal sample 
sizes, 1 or 2 animals from each group were represented on every gel, ensuring that relatively 
equal number of rats from each environment and each stress group were represented. 
Proteins were separated by electrophoresis using a Bio-Rad PowerPac HC Mini-PROTEAN 
TetraSystem at 95 V. Proteins were transferred to a nitrocellulose membrane (Bio-Rad, 
Hercules CA) at 100 V for 60 min. Blots were blocked with 5% nonfat milk (w/v) in 1 x 
PBS for 60 min. Primary antibody for GR (ab3580, abcam, Cambridge MA, 1:500) and 
GAPDH (ab8245, abcam, Cambridge MA, 1:1000) were added to 5% nonfat milk (w/v) in 
PBS-Tween20 and was incubated at 4°C overnight with gentle agitation. On the following 
day, secondary antibodies (anti-mouse: Rockland IRDye 800CW, 1:5000; anti-rabbit: Life-
Technologies AlexaFluor 680, 1:5000) were added to 5% nonfat milk (w/v) in PBS-
Tween20 for 60 min, and optical density was determined using an Odyssey Infrared Imager 
(LI-COR, Lincoln NE). Amount of GR was normalized to the GAPDH loading control using 
the formula: GR optical density/GAPDH optical density. Normalized values were converted 
to percentage of control Std for graphing purposes.
2.8 Statistical Analysis
For the cocaine self-administration study, active lever presses during acquisition, 
maintenance, and dose-response were analyzed using separate linear mixed effect models 
with subject as a random factor and environment, stress group, and session or dose as fixed 
factors. Linear regression was also used to compare the slope of the acquisition line between 
modSPS and control rats within each environment. Total CORT at time 1 was analyzed 
using a Kruskal-Wallis with Dunn’s multiple comparison test and percent CORT at times 1, 
2, and 3 were analyzed using a linear mixed effect model with subject as a random factor 
and environment, stress group, and time point as fixed factors. Linear mixed effects (LME) 
was used for these analyses because cocaine self-administration data and CORT data 
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contained missing values, for which LME is most appropriate. Additionally, LME allows for 
random factors into the statistical design, thereby increasing power and reducing Type I 
error [52]. Because there were no continuous independent variables, normalized GR protein 
levels were subjected to separate 2 × 3 between-subjects ANOVAs for each brain region. 
Significant interactions were probed using Tukey’s HSD test. Cage composition of Std cages 
(whether there were 2 modSPS, 2 control, or 1 modSPS and 1 control), did not affect any 
measured outcome. Therefore, cage composition was not included as a factor in any 
analysis.
3. Results
3.1 Cocaine self-administration
For acquisition (Fig 1), linear mixed effects identified main effects of stress (F(1, 25) = 
10.05, p < 0.05) and session (F(1, 25) = 11.11, p < 0.05) on active lever presses. These main 
effects indicated that stress produced an overall reduction in lever pressing and that lever 
pressing increased across sessions. Further analyses within each environment revealed that 
the slope of the acquisition line differed significantly between modSPS and control groups 
within the Iso environment only (F(1, 73) = 4.96, p < 0.05). Iso rats in the modSPS condition 
showed little responding early in training, but rapidly acquired self-administration to reach 
the same level of lever pressing as control rats by the end of acquisition training. In contrast, 
modSPS and control rats in the Enr and Std groups acquired cocaine self-administration at 
the same gradual rate despite modSPS groups’ lower overall intake.
For maintenance (Fig 2), linear mixed effects revealed no significant main effects or 
interactions, indicating that rates of lever pressing were similar across treatment groups 
during this phase.
For dose-response analysis (Fig 3), linear mixed effects revealed a significant main effect of 
dose (F(2, 50) = 33.03, p < 0.05) and an interaction between environment and dose (F(4, 50) 
= 3.55, p < 0.05). Tukey’s HSD post hoc analysis revealed that Std rats exhibited a flat dose-
response curve, i.e., there was no difference between doses within the Std group. In contrast, 
Enr rats demonstrated a significant increase in active lever presses between the highest (0.56 
mg/kg) and lowest (0.18 mg/kg) doses only (p < 0.05). In addition, Iso rats demonstrated a 
significant increase in active lever presses between the lowest and highest doses (p < 0.05), 
as well as between the intermediate dose (0.32 mg/kg) and the lowest dose (0.18 mg/kg; p < 
0.05), indicating that among all 3 rearing conditions, Iso rats were most sensitive to dose 
adjustments.
3.2 CORT levels
Sample sizes for CORT analysis were not equal and data were not normally distributed; 
therefore, Kruskal-Wallis was used in lieu of classic ANOVA. At baseline (time 1), Kruskal-
Wallis test identified a significant difference between groups (H = 6.44, p < 0.05). Dunn’s 
comparison identified a significant difference between Std and Iso CORT levels, with Iso 
expressing greater amounts of CORT than Std (Fig 4A). For the other time points (Fig 4B), 
linear mixed effects identified main effects of stress (F(1, 29.13) = 10.60, p < 0.05) and time 
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point (F(1, 25.84) = 7.90, p < 0.05). Additionally, there were significant environment x time 
point (F(2, 25.40) = 4.10, p < 0.05) and stress x time point (F(1, 25.84) = 4.34, p < 0.05) 
interactions. Tukey’s post hoc analysis revealed that Std rats had greater percent baseline 
CORT than Iso rats at time point 3. For modSPS rats, percent baseline CORT at time 1 was 
significantly lower than percent baseline CORT at times 2 and 3, but percent baseline CORT 
did not differ between time points 2 and 3. Finally, modSPS rats had greater percent baseline 
CORT than control rats at time 2 only (all analyses p < 0.05).
3.3 Western blot for GR
Residuals from Amyg and mPFC were not normally distributed and thus data for these two 
brain regions were log transformed before analysis. No significant differences in GR 
expression were identified between groups in any brain region tested (Fig 5).
4. Discussion
One important finding from this study was that modSPS produced an overall decrease in 
cocaine self-administration during initial acquisition. However, contrary to our hypothesis, 
rearing environment largely did not influence cocaine self-administration or HPA markers 
after modSPS. One exception to this was the finding that the pattern of acquisition in 
modSPS Iso rats differed from modSPS Enr and Std rats which was represented by a steeper 
acquisition slope. While all modSPS groups displayed a low rate of lever pressing at the 
beginning of training, modSPS Iso rats displayed a greater acceleration of responding across 
sessions compared to both modSPS Std and modSPS Enr rats. One possible reason there was 
an effect of modSPS only in Iso rats could be that stressed rats in the other two groups (Enr 
and Std) were housed with control rats, which may have ameliorated the effect of modSPS 
in those groups.
While previous studies have shown that Iso rats can acquire cocaine self-administration 
more rapidly than standard-housed or group-housed rats [53, 54], this effect was not present 
in the current control groups. This latter result is likely due to the high unit dose of cocaine 
used in the current study (0.56 mg/kg/infusion), as the effect of differential rearing tends to 
occur only at low unit doses [36, 37].
During acquisition, modSPS rats self-administered significantly less cocaine than control 
rats regardless of environment. Studies using other versions of SPS did not observe any 
differences in acquisition of cocaine self-administration [49, 50]. However, several 
methodological differences exist between prior experiments and the current study, including 
the stress protocol used, timing of catheter surgery, training dose, and training procedure. To 
our knowledge, this is the first study to use modSPS (specifically, 2 hr restraint followed by 
15 mins cold swim) to measure stress-induced changes in cocaine self-administration. It is 
possible that this iteration of SPS produces differences in cocaine intake during acquisition, 
whereas full SPS and SPS with substituted isoflurane do not. Additionally, the current study 
used a relatively high training dose (0.56 mg/kg/infusion) to minimize baseline differences 
in intake between control Enr and Iso rats [20, 37], whereas previous studies used doses 
between 0.1 and 0.3 mg/kg/infusion. Finally, the current study trained rats using an 
autoshaping procedure in which rats received 10 non-contingent infusions 1 hr before the 
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start of their FR self-administration session. Interestingly, the attenuation of lever pressing 
due to modSPS only occurred during the acquisition phase (i.e. during the sessions preceded 
by autoshaping), suggesting that this methodological difference is critical to the modSPS-
induced reduction in cocaine intake during acquisition.
Based on previous literature, it is not clear if exposure to SPS or modSPS increases or 
decreases sensitivity to the reinforcing effects of psychostimulants. For example, one report 
found that rats exposed to SPS were more sensitive to methamphetamine’s locomotor 
stimulating properties but less sensitive to stereotyped behavior elicited by 
methamphetamine [55]. Another study found that rats exposed to SPS consumed less 
sucrose, had reduced cocaine CPP, and self-administered significantly less cocaine during 
long-access conditions [50], suggesting that SPS reduces reward sensitivity. The current 
results are most consistent with these latter findings suggesting that modSPS decreases 
reward sensitivity. Interestingly, anhedonia is a major symptom of PTSD, making this 
interpretation appealing from a translational perspective.
ModSPS did not affect any other behavioral outcomes during maintenance and dose-
response assessment. As stated previously, this might be explained by the absence of 
autoshaping during these stages. Alternatively, it is possible that the effects of modSPS on 
cocaine self-administration are transient. In one study using full SPS, some behavioral 
effects of SPS dissipated within 14 days [56], while other studies found that effects of SPS 
on cocaine self-administration lasted beyond 14 days [49, 50]. The current study lasted ~40 
days total, but autoshaping occurred between days 1 and 7.
During the dose-response phase, regardless of the stress treatment, there was a significant 
environment x dose interaction. While all doses tested were on the descending limb of the 
normal dose-response curve [37], only Enr and Iso rats showed a significant dose-dependent 
increase in active lever presses as the dose was lowered. Importantly, there was evidence that 
Iso rats were most sensitive to cocaine reinforcement because they were the only group to 
significantly increase their active lever presses when the dose was reduced from 0.32 to 0.18 
mg/kg/infusion. As reported previously [37], Iso rats typically self-administer more cocaine 
than Enr rats at low unit doses, although this effect is minimized when Enr and Iso rats are 
trained at higher cocaine doses.
Regardless of differential rearing, modSPS increased CORT release immediately after stress 
and these levels remained high 1 hr after stress, indicating that the modified procedure 
produced acute HPA axis activity similar to full SPS [46]. Basal levels of CORT (prior to 
stress) were elevated in Iso rats compared to Std rats. The elevated basal CORT in Iso rats 
may reflect an effect of handling, as Iso rats did not get handled until immediately prior to 
surgery. Thus, it is possible that increased basal CORT in Iso rats reflects a slight stress 
response to novel handling. Interestingly, however, basal CORT response did not differ 
between Enr and Iso groups, despite a clear trend for Iso rats to have greater CORT than Enr. 
There is current debate about whether Enr or Iso groups are more ‘stressed’ [57, 58]. Both 
social isolation (experienced by Iso rats) and exposure to novelty (experienced by Enr rats) 
can induce CORT release and other physiological signs of stress. The effects of differential 
housing on CORT seems dependent on the exact sampling procedure and housing paradigm, 
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with some studies reporting highest basal CORT in Iso rats [21, 38], and others reporting 
highest basal CORT in Enr or Std rats [39, 40]. While increased levels of CORT sometimes 
indicates distress, elevated CORT levels, especially in response to novelty, can be adaptive 
and might be beneficial to individuals over time [57, 59]. This suggests that baseline CORT 
levels of Enr, Std, and Iso rats might not be meaningful predictors of behavioral or 
physiological outcomes. Hence, care should be taken when interpreting the observation that 
baseline CORT levels did not differ between Enr and Iso rats. Similarly, the pattern of CORT 
activation appears to be different across rearing environments. For instance, Enr and Iso rats 
exposed to modSPS had peak CORT at time 2, whereas Std rats had highest CORT at time 3. 
This suggests either that Std rats had a delayed CORT response to stress or that Enr and Iso 
rats were better able to recover their CORT response to resting levels.
Finally, no differences in GR were found in any brain region tested between environments or 
stress groups. This contrasts with a previous study showing greater GR in prefrontal cortex 
(PFC) of rats exposed to full SPS [48]; however, several differences in methodology (as 
discussed above) could explain discrepancies between those and the current study. Most 
notably, the previous experiment used full SPS which produces greater increases in GR 
expression in hippocampus and PFC compared to the modSPS protocol, and the previous 
study measured GR in the entire PFC, while this study quantified GR in mPFC [48]. The 
current study could have been improved by measuring GR in hippocampus, thus allowing 
for better comparison to previous SPS literature. However, the current results are consistent 
with a different report showing that Enr and Iso control rats do not express different levels of 
GR in mPFC, Amyg or NAc [20].
The fact that modSPS decreased cocaine intake early in training without affecting any HPA 
axis outcome measured suggests that modSPS reduced cocaine intake via a neural system 
independent of the HPA axis. In addition to HPA systems, evidence suggests that exposure 
to SPS directly alters dopamine reuptake by up-regulation of the dopamine transporter and 
down-regulation of D2 receptors in NAc [50], suggesting at least one alternative mechanism 
for the decrease in cocaine self-administration observed here.
Given the unexpected findings that modSPS reduced cocaine self-administration early in 
training and produced no alterations in prefrontal GR, it is also possible that modSPS is not 
an appropriate model of PTSD. This is consistent with the finding that SPS, but not 
modSPS, produces extinction retention deficits [48].
5. Conclusions
The current experiment identified unique alterations in the acquisition of cocaine self-
administration using rearing environment and a rodent model of PTSD. The importance of 
stress history on PTSD outcomes is often overlooked. While rearing environment did not 
alter most effects of modSPS on cocaine self-administration, the effect of other stressors 
during the juvenile or adolescent period might impact these outcomes. Experiments using 
the SPS model in combination with other stressors are necessary for successful development 
of pharmacotherapies for co-morbid PTSD and substance use disorder.
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Highlights
• Enriched, standard, and isolated rats underwent modified single prolonged 
stress
• Exposure to modSPS attenuated cocaine self-administration early in training
• Corticosterone increased after modSPS but was not moderated by 
environment
• modSPS did not alter glucocorticoid receptor expression in hypo, mPFC, 
amyg, or NAc
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Figure 1. Acquisition of cocaine self-administration after modSPS
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Mean active lever presses (± SEM) across sessions during acquisition of cocaine self-
administration (0.56 mg/kg/infusion) in (A) Enr rats, (B) Std rats, and (C) Iso rats exposed 
to modSPS (black symbols) or control (white symbols).
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Figure 2. Maintenance of cocaine self-administration after modSPS
Mean active lever presses (± SEM) across sessions during maintenance of cocaine self-
administration (0.56 mg/kg/infusion) in (A) Enr rats, (B) Std rats, and (C) Iso rats exposed 
to modSPS (black symbols) or control (white symbols).
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Figure 3. Cocaine dose-response curve after modSPS
Mean active lever presses (± SEM) at 0.18 mg/kg/infusion, 0.32 mg/kg/infusion, and 0.56 
mg/kg/infusion cocaine in (A) Enr rats, (B) Std rats, and (C) Iso rats exposed to modSPS 
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(black symbols) or control (white symbols). Matching symbols denote significant difference 
between doses, all p < 0.05.
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Figure 4. CORT release after modSPS
(A) Basal CORT levels in Enr, Std, and Iso rats at Time 1 (1 hr before modSPS). Data was 
collapsed across modSPS and control rats. (*) represents significant difference between Std 
and Iso, p < 0.05. (B) Percent basal CORT in Enr, Std, and Iso rats at Time 1 (1 hr before 
modSPS), Time 2 (immediately following modSPS), and Time 3 (1 hr after modSPS). Enr 
(white bars), Std (gray bars), Iso (black bars), modSPS (mSPS; diagonally striped bars), 
control (Con; solid bars). Matching symbols denote significant difference between groups, 
all p < 0.05.
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Figure 5. GR expression after modSPS
Percent control (control Std) GR expression in Enr, Std, and Iso rats exposed to modSPS or 
control in (A) hypothalamus; Hypo, (B) medial prefrontal cortex; mPFC, (C) amygdala; 
Amyg, and (D) nucleus accumbens; NAc. (E) Representative blot from Hypo. (F) 
Representative blot from mPFC, (G) Representative blot from Amyg, (H) Representative 
blot from NAc. Black bars: modSPS, White bars: control.
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